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ABSTRACT 
The microstructural, thermal and nanomechanical characterization of biomass by-products 
coming from food industry was studied. Scanning electron microscopy showed a microstructure 
formed by polygonal grains. The thermal behaviour of seeds, evaluated by thermogravimetric 
analysis, revealed three main components (hemicellulose, cellulose and lignin). Walnut shell 
showed the highest thermal stability and also the highest amount of lignin. The nanomechanical 
aspects were evaluated by nanoindentation. Samples with higher amount of cellulose presented 
minor modulus values. In accordance with the thermal stability, the highest modulus and 
hardness were observed in walnut. These by-products could be useful as reinforcement’s 
materials for biodegradable plastic industry. 














































There is renewed interest worldwide in the production of biodegradable plastics to reduce the 
environment damage produced of plastic wastes, particularly from the food packaging sector. 
However, in general biodegradable plastics present low mechanical properties [1-3] which hinder 
its practical exploitation. Cellulosic materials coming from renewable resources obtained from 
agricultural industries have gain importance as potentially reinforcement elements of 
biodegradable thermoplastic materials [3-5]. Moreover, crop-derived biomass is considered as one 
of the most promising renewable resources to substitute petrol-based materials[6]. In this sense, 
the wood structure found in nature is well known and their architecture and chemical 
characteristics are published elsewhere [7]. Materials from wood origin are composed of three 
main cell wall polymers: cellulose, lignin and matrix polysaccharides (pectins and 
hemicelluloses)[4]. Wood structure is basically resumed by tubes of crystalline cellulose linked 
by means of an amorphous phase composed by hemicelluloses and lignin. The mechanical 
properties of a wood structure are also reported for each analyzed sample and an important 
feature in this sense is their anisotropy. 
Nevertheless, although other cellulosic bio-materials extracted from secondary industry are also 
formed basically by wood, the internal architecture is expected to be different. The fruit’s seeds 
are a good example of how nature can develop other internal microstructures in order to adapt 
their requirements using the same chemical composition than wood. It is expected that 
understudying the microstructure, chemical composition and some mechanical properties inside 













































Moreover, it is known that several seeds have bioactive compounds that are beneficial for human 
health[8]. Recently, many biodegradable polymers incorporated with natural compounds have 
been proposed as active food packaging systems [9-11]. 
It has been reported that wood as a reinforced material of thermoplastics shows some advantages 
such as good mechanical properties [5, 12, 13], low density, ease of separation, enhanced energy 
recovery, it inherent biodegradability [4] and low cost [13]. Moreover, regarding food packaging 
barrier properties the incorporation of cellulose nanostructures into polymer matrices improve 
the oxygen barrier properties [14], while the low hygroscopicity of cellulose materials could 
decrease the water vapor permeability [5]. Some fruit’s seeds represent a large amount of 
byproducts and wastes that are biodegradable and could be used for the development of new 
biodegradables bio-composites [15-19] which can be treated with organic waste after their use [20] 
becoming environmentally friendly. For instance, pine wood flour has been added to poly(lactic 
acid) (PLA) and poly(hydroxyalcanoates) (PHA) blends improving the mechanical performance 
of the final formulations [21]. Sawmill residues from different wood such as spruce, pine, beech 
and poplar has been successfully incorporated as flour in thermoplastic starch (TPS) increasing 
the mechanical response and thermal stability and decreasing the water absorptionwith respect to 
neat TPS [22]. The mechanical microstructure properties of cellulosic materials have been well 
studied [23] and it is known that wood presents excellent mechanical performance [24]. The 
morphological structure of seeds is prepared to protect it from falls, knocks, bites, etc. [25]. 
Therefore, it is expected that seeds present good mechanical properties as reinforced materials. 
Some studies of the nanoscale mechanical behavior of some wood materials have been published 













































to be useful to study the nanomechanical properties in specimens that are highly non-uniform [30, 
31]. 
The aim of this work is to study the microstructure of Juglans regia (walnut), Corylus avellana 
(hazelnut), Prunus armeniaca (apricot), Prunus persica (peach) and Prunus dulcis (almond) by 
means of microscope images. Furthermore the thermal stability and the mechanical properties 
were analyzed by using thermogravimetric and nanoindenter analysis with the main objective to 
propose these waste materials from food industry as biodegradable reinfor ing materials for 
plastic industry. 
MATERIALS AND METHODS 
Samples preparation 
Several Juglans regia (walnut), Corylus avellana (hazelnut), Prunus armeniaca (apricot), 
Prunus persica (peach) and Prunus dulcis (almond) were obtained from the agriculture industry 
in the area of Alicante, Spain. It is known that the moisture content is one of the most important 
factor affecting the strength of seeds[32], therefore samples were conditioned before testing in a 
box at 30% relative humidity for one year. Then silica gel was introduced into the box one week 
before analysis to ensuring the same humidity level. The humidity was controlled by a 
hygrometer. Cross-sections of each sample were obtained   by using a diamond knife under dry 
conditions. The chemical composition of some of these structures has been previously reported  













































hazelnut (≈40%) [33, 34] and almond (≈30%) [33]. Meanwhile, cellulose content is approximately 
50% in almond and 25% in walnut, hazelnut [34] and apricot [35]. 
3D model 
To acquire 3D images of seeds samples a 3D Optical Reveng Dental scanner (Open 
Technologies SRL, Brescia, Italy) was used and 20 surface acquisitions were taken. 3D surface 
meshes were made by using Optical RevEnge Dental 1.5 software. 
Scanning Electron Microscopy 
The microstructures were observed by means of a Scanning Electron Microscope (SEM) 
PhenomTM® of the FEI company, (Eindhoven, Nederland), with an accelerating voltage of 15 
kv. The images were acquired on their cross-section after gold metallization in vacuum 
conditions prior to each analysis in order to increase their electrical conductivity. The fracture of 
samples for this analysis was performed at room temperature using a special hammer. The 
images were then analyzed by the shareware software of image analysis “Image J”[36]. 
Thermogravimetric Analysis 
TGA tests were carried out using TGA/SDTA 851e Mettler Toledo Thermal analyzer 
(Schwarzenbach, Switzerland) equipment. Approximately 8 mg samples were heated under 
oxygen and/or nitrogen atmosphere depending of the experiment performed. Two experiments 
were carried out dynamic and isothermal analysis. Dynamic TGA were heated from 30 ºC to 700 













































of the second type of TGA analysis, two sequences were tested for each specimen. The first step 
was a heat ramp at 10ºC min-1 from 30 to 700 ºC under oxygen atmosphere (flow rate 30 cm3 
min-1). During the second step was performing several isothermal steps between the observed 
transitions during 30 minutes. 
Mechanical properties 
A nanoindenter G-200 of Agilent Technologies was used to measure the hardness and modulus 
on the cross-section polished specimens. The experiments were carried out at a constant 1000 nm 
indentation depth using a Berkovich indenter on the basis of a previous developed method [37]. 
The stiffness was acquired during the entire load curve using the Continuous Stiffness 
Measurement (CSM) method. Samples were kept in a box for a year at a constant 30% humidity 
previous to the indentation experiments. Cellulose-based materials are strongly influenced by the 
environmental humidity [38]. Therefore, in order to perform the experiment with the same 
humidity conditions, silica gel was introduced inside the cabinet of the nanoindenter for a week 
ensuring the same humidity level by hygrometer. 
RESULTS AND DISCUSSION 
3D surface acquisitions 
3D Scanning surface of samples allow observing some differences in surface details (Figure 1) 
between different seeds. Final surfaces meshes constructed from the scanned image consist in 













































for peach and 229621 points for almond. It is clear noticeable that samples presented different 
surface structure showing high differences in roughness which could influence the mechanical 
response of each material. Peach was the roughest sample followed by walnut and almond, 
meanwhile hazelnut and apricot seem to present smoother surfaces. 
Microstructure analysis 
In order to study the constituent microstructure of the specimens SEM images were acquired on 
the cross-section view after a brittle fracture. The Figure 2 shows the most representative images 
recorded for each specimen. The first conclusion is that, although the studied specimens are 
cellulosic materials, the images reveal that the structures are formed by polygonal grains instead 
of the typical tube-fibrils forms of the wood structures.  This microstructural difference probably 
leads to a major isotropy behavior under mechanical efforts. Furthermore, the size, the density, 
and the wall thickness of the grains seem characteristic for each analyzed sample. While the 
apricot, peach and almond structures are formed by open grains, the hazelnut shows closed 
structure. These closed grains, it could be due: (i) to the major density of the grains or (ii) 
because the fracture occurs by the adhesion fall between the interface grains. In order to compare 
rigorously the parameters that define these microstructures, the captured images were analyzed 
by software of image analysis, ImageJ. The results obtained after this analysis are summarized in 
Table 1. The almond shows grains with walls of cellulose especially thick that are formed by thin 
rolled sheets, as it is shown in Figure 3. This structure is more representative in mature 
specimens, being the wall thickness of these specimens thicker than those from the youngest 













































grains are controlled by rolling new sheets. This change in the cellulosic microstructure permits 
the seed to adapt at the required necessities for each maturity stage. 
Thermogravimetric analysis 
Thermal degradation of biomass by-products was studied by TGA. Dynamic TGA curves 
(Figure 5) for all samples showed similar behavior of three events. They began with a water loss 
event at the beginning of the experiment up to about 205 ºC (Region I). Following that, two main 
events of mass loses, Region II and Region III. Table 2 summarizes the corresponding weight 
loss with the temperatures at the maximum degradation rate (Tmax) of each temperature interval 
region, which were determined from derivative curves (DTG). Region I, related to the 
evaporation of absorbed and bound water in their structure, presented values between 0.8 and 
4.6%, showing that peach was the sample with most water content, meanwhile apricot showed 
the lowest value. Region II was related to the thermal degradation of hemicellulose which 
completes its decomposition at temperature intervals of 210–325 ºC [39, 40]. Walnut and apricot 
presented higher percentage of weight loss in the Region II than apricot and peach, showing that 
these samples contain more amount of hemicellulose. The followed event (Region III) was 
between 330–450ºC and it was related to the weight loss of cellulose. The percentage weight loss 
relates only with this region reveal similar values (between 23-25%) for apricot, peach and 
hazelnut meanwhile it is lower (approximately 18%) for walnut, indicating that these three 
samples, apricot, peach and hazelnut, contain more amount of cellulose than walnut. Lignin has a 
continuous weight loss from the initial to the end of pyrolysis in the TGA [41] since the 













































losses from lignin occur at temperatures higher than about 370ºC, so DTG curves of lignin and 
cellulose may overlap and therefore it could be difficult to distinguish them [40]. All samples 
reveal similar residual chars, between 25.6 % and 28.4% related with the inorganic matter 
content. Dynamic thermogravimetric analysis showed that all seeds were substantially thermally 
stable in the region below 200 ºC, which is enough extrusion and film process temperature of the 
most used biodegradable materials in food packaging applications such as poly(lactic acid) PLA 
[10, 14], starch [42], chitosan [43], poly(hydroxybutirate) PHB or poly(hydroxyutyrate-co-
hydroxyvalerate) (PHBV) [44]. 
Since, the thermal stability of cellulosic materials is governed by the composition of the two 
main components: cellulose and lignin, the thermal degradation treatment of samples was carried 
out by using isothermal analysis. By means of a thermogravimetric analysis is also possible to 
analyze the composition between cellulose and lignin. The TGA was programmed with a heat 
ramp at 20ºC/min holding three isotherms at 240ºC, 300ºC and 600ºC, during 30 minutes. These 
isotherms were programmed in order to separate enough the curves for each component and were 
established from the previous tes s (Figure 5). 
The resulted TGA curves are summarized in Figure 6 and the temperature ranges have been 
summarized in Table 3. All the degradation curves had similar behavior. Two mechanisms are 
clearly differentiated; the first peak occurred around the 250ºC that is related with the lignin 
degradation, and the second degradation was reached at 400ºC that has been probably caused by 
holocellulose (that is a mix of cellulose + hemicelluloses). This conclusion was corroborated by 













































Figure 7 shows the almond microstructure after this isotherm treatment. This image shows how 
the grains of cellulose are entire, but the grain boundary that serves to fix them (the lignin) has 
disappeared.  
Mechanical properties 
As the materials essayed have no isotropic behavior, the choice of the Poisson’s ratio used in the 
Young’s Modulus calculation is not ascertainable at all. The Young’s Modulus calculated by 
nanoindentation has nothing in common with the modulus from a tensile test and the elastic 
behavior in wood based materials, because the evaluation of indents is carried out using isotropic 
indentation theory [45]. Consequently the term ‘Young's Modulus’ as frequently used to describe 
the nanoindentation results would be here incorrect. For this reason, in this work the elastic 
modulus is calculated as indentation modulus, Er. The resulted curves for hardness and 
nanoindentation modulus are showed in Figure 8. 
The hardness values oscillated from the 200MPa, for almond and apricot microstructures until 
the 450MPa of the walnut. The modulus presented fewer differences being the lower 5GPa for 
apricot and the highest 9GPa for walnut. Apparently, the microstructure of the most 
differentiated specimens is very similar and we cannot identify their effect on the mechanical 
properties. The highest modulus found for walnut is in good agreement with TGA results, since 
walnut was also one of the samples with the highest thermal stability (370ºC). The lesser values 
of hardness showed by apricot, peach and hazelnut could be related with the higher amount of 













































results. Nevertheless, it seems that the chain scission of the walnut requires a high temperature 
(305oC) and the content of Lignin is also one of the majors. 
CONCLUSIONS 
This paper presents a preliminary result of the thermal, microstructural and nanomechanical 
characterization of some wood seeds. Fruit’s stone and shell wastes coming from food industry 
were characterized in terms of their microstructure, thermal and mechanical properties. The 
surfaces of the seeds assayed showed big differences. However, the microstructure of the most 
differentiated specimens was very similar and resulted difficult to identify their effect on the 
mechanical properties. Thermogravimetric analysis showed that apricot, peach and hazelnut were 
the samples with higher amount of cellulose. Therefore, these seeds present the lesser values of 
hardness and reduced modulus. Meanwhile, walnut shell showed a high thermal stability, related 
to highest hardness revealed for this seed. Walnut was the seed with the highest modulus. 
Moreover, it seems that the chain scission of the walnut requires a high temperature and the 
content of Lignin is also one of the majors. In this way, the nanoindentation technique was a 
useful technique to differentiate the nanoscale mechanical properties of several wood seeds. It is 
expected that seeds present a more isotropic behavior under mechanical stresses than wood. This 
preliminary study showed that fruit’s stones and fruit’s shells show potential properties for their 
future use as natural reinforcement materials for biodegradable thermoplastics commonly used in 
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Apricot 674 ± 235 5.4 ± 1.1 0.7 ±0.2 106 ± 18 
Walnut 406 ± 165 8.2 ± 2.2 1.2 ± 0.9 86 ± 19 
Hazelnut 794 ± 178 - 1.1 ± 1.0 124 ± 10.5 














































Table 2. Thermogravimetric parameters of seeds samples 
Samples Thermogravimetric parameters 





















Apricot 122 0.8 302 27.6 367 50.9 27.4 
Walnut 125 3.4 302 26.2 370 43.6 25.6 
Hazelnu
t 
120 2.4 307 23.1 359 46.1 29.2 














































Table 3. TGA results when oxygen atmosphere is used. The transition region corresponds to (I) 








I 30-200 1.4 - 
II 200-660 71.9 275 
III 660-900 26.6 - 
Walnut 
I 30-210 4.0 - 
II 210-690 68.1 305 
III 690-900 29.2 - 
Hazelnut 
I 30-210 3.1 - 
II 210-620 65.2 305 














































I 30-210 4.4 - 
II 210-680 63.2 225 




























































































Figure 2. SEM micrographs captured on the cross-section view on (a) apricot, (b) hazelnut, (c) 








































































































































































































































Figure 7. SEM detail of almond after TGA thermal treatment (reaching the maximum 














































Figure 8. a) Nanoindentation hardness curves and b) nanoindentation reduced modulus curves 
for the essayed specimens on their polished cross-sections. 
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